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ABSTRACT 


OPTICAL  PROPERTIES  OF  EXCISED  PORCINE  SKIN 
I.  SURFACE  REFLECTION  FACTORS 


OBJECT 


Thia  investigation  was  undertaken  to  discuss  and  evaluate  the 
errors  caused  by  surface  reflections  in  measurements  of  the  in¬ 
ternal  reflectance  and  transmittance  values  of  excised  skin  specimens. 

RESULTS  AND  CONCLUSIONS 

A  method  for  determining  the  approximate  values  of  the  internal 
surface  reflection  factors  is  given  and  applied  to  excised  skin  speci¬ 
mens  of  the  Chester  Whits  pig  for  two  wavelengths  ($14  and  731  m^. 
The  factor  a  contributing  to  the  errors  and  to  their  m^nitude  are 
discussed. 

The  excised  skin  of  the  Cheater  White  pig,  20  to  30  pounds,  is 
for  practical  purposes  optically  homogenous  at  the  wavalciiLgths  $14 
and  731  m^ 
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It  is  reconurended  that  these  studies  be  continued  to  cover  the 
wavelength  region  of  interest  in  the  thermal  burn  problem,  namely 
ultraviolet,  visible  and  near  infrared. 
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OPTilCAL  PROPERTIES  OF  EXCISED  PORCINE  SKIN 
1.  SURFACE  REFLECTION  FACTORS 


I.  INTRODUCTION 

On^y  th£t  part  of  the  radiant  energy  which  la  abaorbed  by  any 
substance  can  exert  a  primary  effect  on  it.  In  order  to  evaluate  the 
magnitude  of  the  primary  effect,  it  ie  necessary  to  know  not  only  the 
total  amount  but  also  the  spatial  distribution  of  the  absorbed  energy. 
Accurate  values  of  thj  absorption  of  visible  and  infrared  radiant  energy 
by  skin  are  essential  for  the  determination  of  its  heating  power.  Numer¬ 
ous  data  relevant  to  the  spectral  absorption  of  such  energy  have  been 
published  (1-8),  yet  there  is  considerable  disagreement  among  them. 

Some  causes  for  the  discrepancies  ttIII  be  daalt  with  in  the  following 
paragraphs. 

Two  factors  can  contribute  significantly  to  the  error  in  the  measure¬ 
ment  of  the  reflectance  and  transmittance  of  a  substance  such  as  skin. 

Skin  it  a  diffusing  medium,  that  is,  light  passing  through  a  sheet  or 
layt.r  of  this  material  xnay  be  repeatedly  scattered.  Thus,  the  direction 
of  the  emergent  radiation  may  have  no  relation  to  ite  incident  direction. 
Failure  to  measure  the  emergent  radiation  in  all  directions  can  introduce 
a  serious  error  in  the  measured  value  of  the  absorbed  energy. 

The  second  factor,  which  has  been  generally  recognised  but  not 
corrected  for,  Is  the  effect  of  surface  reflection  factors.  When  the 
transmittance  of  a  sample  of  skin  is  to  be  measured,  the  specimen  is 
usually  in  the  form  of  a  layer  of  finite  dim«nsio<«^  iauners^  in  another 
medium,  usually  air,  wtdeh  has  a  lower  mden  of  r^^fraction.  At  the  ai.- 
t;i«ue  Interface,  a  portlovi  of  tbs  incideat  light  will  be  reflected.  The 
magi.l.ude  of  the  reiiectlor  factor  depecds  upon  tbs  relative  index  of  re¬ 
fraction  and  the  eagle  of  iacii^nce  of  light  beam.  Such  reflections 
will  occur  at  the  first  surface  for  tbs  incidomt  light  and  at  the  internal 
surfaces  for  the  emergent  lisht. 

The  effect  of  the  iatercal  c  'rfaces  on  ■.^morgent  light  ie  Illustrated 
in  Figure  1.  The  solid  lines  from  &  to  tbs  ,  D  ?  ^eprosent  rays  of 
light  scattered  from  S  and  inc^dsn"  on  the  interface  of  tbs  two  euboiances 
with  the  noted  indices  of  refraction  oj  and  92*  dashed  lines  leaving 
the  interface  represent  rays  that  ur-^ergo  part  ial  reflection  end 
'.fraction;  the  solid  lines  origloatis^  ^  the  interface  represent  rays 
that  are  totally  reflected.  Any  ray  striking  the  Internal  boundary  0-0  at 
an  ;mgle  greater  than  the  critical  angle  ip  (sin  ^  >  n,/n.)  will  be  totail. 


I 


reflected.  Knowing  the  angular  dietribution  of  light  and  the  relative  index 
of  refraction  at  a  plane  boundary,  the  surface  reflection  factor#  can  be 
calculated  by  Fresnel's  equations.  Judd  (9)  has  calculated  that  about  60 
per  cent  of  completely  diffused  light  incident  internally  on  a  plane  bounda¬ 
ry  of  n^/nj  =  1.  5  is  reflected,  whereas  only  about  four  per  cent  of  normal¬ 
ly  incident  light  is  reflected.  %ytle  (10)  and  Duntley  (11)  point  out  that 
internal  total  reflection  occurs  at  large  angles  of  incidence;  therefor®, 
any  slight  deviation  of  the  diffuse  light  from  perfect  uniformity  at  these 
angles  has  a  coneiderabls  effect  on  the  value  of  this  reflection  factor. 
Consequently,  this  factor  most  he  determined  axpavJmantally. 

n.  THEORY 

The  symbols  used  ic  this  paper  are  defined  iu  Table  1 . 

TABLE  1 _ 

Definition  of  Symbols 


r  measured  transmittance 

P  measured  reflectance 

measured  reflectance  with  blstck  backing 
in  optical  contact 

T  internal  traasmitianca 

internal  reflectaace 
o 

r  external  or  incident  surface  reflection 
factor 

r  interoal  surface  reflection  factor 
2 

S  scattering  coefficient 
K  absorption  coefficient 


X  thicknesc  of  sample 


Additional  eubscripta  1  and  II  mdicst*  thr  orientation  o(  the  olhcr 
symbols  3s  to  the  respective  sides  of  the  sample. 

The  following  assumptions  are  made:  1)  the  sample  is  of  constant 
finite  thickness,  and  is  extended  infinitely  in  the  direction  parallel  to 
its  surfacca,  2)  the  optical  inhomogeneities  are  small  compared  to  the 
thickness  of  the  sample;  and  3)  both  the  incident  and  internal  flax  of 
light  are  completely  diffused. 

A  homogeneous  specimen  is  defined  as  one  in  which  the  absorption 
and  scattering  phaaee,  or  optical  inhomogcneitics,  are  uniformly  dis¬ 
tributed  throughout  the  sample  and  the  two  surfaces  are  equivalent.  In 
a  nonhomogeoeous  sample  the  optical  inhomoganeities  vary  vertically 
to  the  surfaces  and/or  the  surfaces  are  not  equivalent. 

A,  Generai  Case 


3y  taking  into  account  all  successive  multiple  internal  re¬ 
flections,  it  can  be  shown  that  the  measured  transmittance  ^  and  re¬ 
flectance  P  are  related  to  the  internal  transmittance  T  and  reflectance 
Rq  by  the  following  equations : 


(1) 


p 


=  rjj  + 


(l-r 


1  yM  ^  ^  jT#  ‘  5 


(2) 


The  internal  transmittance  1«  considered  to  be  tpolar;  that  is,  it  is  in¬ 
variant  with  regard  to  direction  of  illumination.  Zocker  and  Torok  (12) 
have  theoretically  proven  the  opolariiy  of  Internal  transmittance  in  a 
nonhomo^eoeous  epecin-ien.  Kubelka  (II)  has  demonstrated  theoretic aTy 
and  experlmostally  that,  in  addition  to  the  apolarity  of  internal  trans¬ 
mittance,  the  internal  reflectance  of  a  nonhomogeneous  sample  depends 
up<m  the  direction  of  iUumineiion.  However,  Kubelka  pointed  out  two 
caeee  of  nonhosnogeueous  Lnyerc  in  which  the  internal  reflectance  is  in- 
depoadcQl  of  the  direct'ioa  of  illumicatioo.  These  two  cases  of  psevido- 
homogeneous  layers  ara  (a)  whers  the  optical  inhomogeneities  are  sym¬ 
metrically  dletrlbuted  around  a  central  plane  parallel  to  the  suriacr  of 
the  layer,  and  (b  wh^re  the  spatial  distribution  of  the  scattering  and 
absorbing  phases  varlee  vertically  to  the  surfaces  of  the  layer  but  the 
ratio  of  the  absorption  coefficient  to  scattering  coefficient  (K/S)  -.a  con¬ 
stant. 


3 


In  a  homogeneous  sample  r^j  =  rijj,  rn  -  rm, 
wording  to  definition.  In  this  case  Equations  (1)  and  (2)  reduce  to 


(i.riHi.r2)  T 

(l-r^Ro)^  - 


Rod-rjRgI  + 


P  =  rj  t  (l-riXl-rj)  -2 - £-2 - JL_  (4) 

(1-rjR,)*  - 

Tmss  equati<»i«  ara  idaatical  to  tlioao  darlrod  by  Ryd«  (10)  for 
the  limited  coaxiitiope  a€bomofeaeoue  eamplee  and  completely  diffused  light. 

C.  Oetermiaatioa  of  Surface  Reflection  Factors 


The  method  discussed  here  for  determining  the  ourface  re« 
ilectajx:e  lactors  follows  that  soggsstsd  by  Stsnius  (14).  Equations  (3) 
and  (4}  fire  the  measorod  traasmittancs  and  rsfiectaace  of  homogeneous 
saa^les.  As  tb€  thickness  of  tiM  specimsa  approachss  ssro,  it  follows 
tnat  T  approaches  one  and  R^  approachss  aero.  Substituting  T  «  1 , 

Rq  B  0  in  Equations  (3)  and  (4)  girss 


Um-  rjtlTj) 

Xe'O  *  1  ♦  r^ 


Solring  for  T2 


'2* 


By  measuring  r  and  p  as  a  function  of  the  thichaess  and  axtra- 
polating  to  X  ■  0,  the  approsdmnte  ralnes  of  the  internal  ourface  rs> 
flection  factor  r>  can  bo  dotonainod.  fiaspirically,  it  hae  bean  found 
for  excieed  pig  Mcin  of  young  animals  that  the  transmittence  data  can  bs 
readily  fitted  to  the  type  equation  r  «  thereby  simplifying 
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extrapolation  to  aero.  The  marked  change  in  slope  of  the  reflectanc** 
Curves  of  excised  pig  skin  at  email  values  of  X,  as  shown  in  Figure  S. 
makes  this  extrapolation  impractical. 

Neither  r  j  nor  r2  can  be  eliminated  from  the  dependent  Equations 
(5)  and  (6):  therefore,  a  valve  of  rj  must  be  aa turned  in  order  to  calculate 
rg.  If  it  ie  aaeumed  that  the  maximum  value  of  r  j  is  that  of  the  interna! 
reflectuw  at  a  plane  interlace  with  a  relative  index  of  refraction  of  1.35 
(water  «  1. 33),  then  for  light  of  normal  incidence  according  to  Judd  (9} 

^  j  ie  lees  than  .02,  and  for  completely  diffused  incident  light  rj  is  less 
.07.  It  will  be  shown  that  the  calculated  value  of  i»  not  markedly 
dependent  on  the  assumed  value  of  r|.  In  any  case  the  uncertainty  for 
r,  iatroduc.<d  by  the  assumed  value  ^  r .  is  in  most  cases  smaller  than 
tut  due  to  the  uncertainty  of  the  extrapolated  value  of  r. 

It  is  of  interest  to  examine  the  differences  between  the  theo¬ 
retical  values  i.  e. ,  the  internal  transmittaace  and  reflectance,  and  the 
corresponding  measured  values  as  affected  by  the  surface  reflection 
factors  in  an  Ideal  sample.  Figures  2  and  3  show  the  per  cent  errors  in 
the  measured  values  as  a  function  of  >‘9  fw*  selected  values  of  T  amd 
as  calculated  according  to  Eqvatlotts  (f)  and  (4).  A  value  of  0. 04  is 
assumed  for  r^. 

Several  important  relations  are  evident  in  these  graphs.  The 
relative  error  is  strongly  dspendeat  upon  the  values  of  T,  and  r  . 

By  choosing  dM  proper  thichaoss  of  the  sample,  that  is  the  best  reAtive 
values  of  T  and  the  dopondonco  of  error  on  r2  is  minimiaed.  or 
the  magnitude  of  me  rolotivo  error  may  be  minimised.  Another  im  - 
portent  feature  to  be  noted  is  that  the  error  may  be  either  positive  or 
negative;  that  is  the  moasursd  values  of  transmittance  or  reflectance 
may  bo  oitimr  larger  or  amallsr  than  the  corresponding  internal  values. 
Note  the  largo  rolativo  error  in  both  T  and  for  thin  samples  or  samples 
with  low  acaltoriag  and  absorbing  powers  (T  *  .tO,  R  »  .  10),  especially 
as  r2  incraaaee. 

m.  BXFBBttiBNTAL  liETHOOe 
A.  Biological 

The  thin  eamplee  wore  obtained  from  Cheater  White  pigs 
ranging  in  weight  from  20  to  30  pounds.  This  animal  was  selected  be¬ 
cause  of  tho  close  structural  similarity  of  its  skin  to  that  of  humane 
()51;  it  has  bvcn  used  extensively  in  the  study  of  injuries  resulting  from 
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.5  e  to  radiant  energy  (i6),  and  the  spectral  reflectance  of  its  skir 
■  '  sely  rcaenibSes  that  of  a  fair  complcxioned  human  (8), 

Prior  to  the  exciaion  of  the  samples,  the  animals  were  imesthe 
tized  with  Dial  in  urea  -  urethane,  75  mg/kg.  Their  hair  wa»  removed 
with  clippers  and  an  electric  rasor.  Then  they  were  washed  with  mild 
oorp  and  rinsed  throLSghiy  with  water.  After  being  suspended  by  their 
rear  legs,  tho  animal®  were  sacrificed  by  severing  the  carotid  arteries 
tjo  ao  to  provide  relatively  bloodless  skin  for  samples. 

Onw  hour  later  skin  samples  were  removed  from  the  hips  and 
dorsal  aspects  of  the  side  with  a  Brown  electrodermatome.  The  speci¬ 
mens  ranged  from  .  2  to  1.5  mm  in  thickness.  It  was  difficult  to  obtain 
©ample §  thinner  than  .  3  mm  or  thicker  than  1.  5  mm  using  this  technique. 
The  thickness  of  each  specimen  was  measured  between  glase  plates  of 
known  dimensions  with  a  micrometer  caliper.  Immediately  after  excision 
the  samples  were  mounted  on  aluminum  rings  38  mm  in  diameter  sutd 
6  mm  high.  The  samples  were  kept  in  a  moist  chamber  at  refrigerator 
temperature  except  when  being  measured.  All  measurements  were  made 
as  rapidly  as  possible  to  prevent  the  effects  of  dehydration.  Hansen  (17) 
demonstrated  that  the  transmittance  of  skin  changes  with  its  state  of 
hv*»’rrtion. 


B.  Physical 

The  transmittance  and  reflectance  wero  meaeored  with  a  re- 
Hectometer  designed  by  Derkeen  and  kfcmakan  (It)  and  modified  by 
Jacques  (19)  to  include  an  integrating  eplMre.  Tbe  epocimen  bolder  eet 
up  before  th.i  integr^ing  sphere  for  reflectance  moaeuremoate  ie  shown 
schematically  in  Figure  4.  The  upper  part  oi  tka  poeitiaaing  base  con¬ 
sists  of  a  tube  in  which  a  solid  or  drilled  alumimun  rod  can  be  moved 
axially.  The  sample  ring  with  specimen  elides  ovsr  the  sod  of  ths  rod 
in  such  a  way  that  ths  dlstancs  betwssn  tho  front  surface  of  ths  rod  and 
the  back  surface  of  ths  sample  can  be  adjusted  from  direct  contact  to 
5  mm  distance.  For  the  measurements  of  fi  ths  skin  specimens  were 
backed  with  an  aluminum  rod  drilled  and  shaped  to  a  cavity  2. 5  cm  deep 
with  a  2  mm  wall  thickness  and  a  taper  of  )0^  at  the  bottom.  Tho  surface 
of  the  cavity  was  covered  with  camphor  black;  Its  rsflsctance  was  0.4 
per  cent. 


For  the  moasuremsnt  the  dermal  side  of  ths  samples  was 
If,  optical  contact  with  a  black  backing.  Ths  roflsctance  of  the  black 
backing  was  4.  5  per  cent.  Optical  rnntact  was  obtained  by  wetting  the 
black  Hiirface  with  diwtilled  water,  pressing  the  sample  against  it,  and 


then  equeening  out  the  iir  bubble*  at  thi*  interface.  The  light  bearr- 
incident  on  the  bainples  wae  a  parallel  beam  with  an  angle  o(  incidence 
of  \S^. 

The  reflectance  statidards  were  fre  •hly  prepared  magnesium  car  - 
bonateblocka.  In  the  basic  Equation*  (2)and  (4)  all  reflectance  terme  arc 
defined  as  the  ratio  of  reSeeted  light  to  incident  light,  i.e.,  ae  absolute  re - 
flectancet.  To  convert  the  values  measured  relative  to  magneBium  car¬ 
bonate  to  absolute  values  the  value*  were  corracted  to  magnesium  oxide 
by  the  data  of  Jacques  |20J  and  then  to  absolute  values  according  to 
Middleton  a«d  3aunders  (21). 

Wot  th*  trasiamittance  meacurements  the  i&tograting  sphere 
wa*  used  ae  a  sourc*  of  diffused  light.  The  spaclmens  ware  placets 
over  the  pboteceU  aperture  of  the  integrating  sphere  so  tliat  they  were 
between  the  light  sour'.  a  ar,-i  the  photocell  {see  Fig.  41.  A  spacer 
provided  a  5  e  5  s  ,  7  cm  vltaaJber  for  the  specimens  between  the  aper¬ 
ture  and  the  pJsot&eali.  The  chasnber  wa*  blackened  to  reduc*  scattered 
Ught,  The  distance  between  the  sample  and  th*  photocell  was  eu-h 
(5.  5-7.  0  .nia)  that  no  eorroction  for  light  multiply  reflected  between 
iSinple  photocell  wne  deemed  neceeaary;  the  masdmuxn  error  is 
eetimated  to  be  of  the  tame  order  of  magnitude  as  th*  error  inherent  in 
the  inskfuroeot.  For  th«e«  meaeurecaont*  the  light  beam  wae  directed 
onto  the  sphere  eurface  between  the  eample  and  etandard  part*. 

All  sampl**  were  cneaeured  '^th  the  epidermal  slds  toward  the 
Incident  light  ualese  ot^rwiee  epecified.  initialW,  the  measurement* 
wer*  made  within  two  to  five  hour*  after  eacisioo  said  then  r«peat>i-d 
dallr  fo»  fdur  days.  It  eras  noted,  howuver,  that  there  was  a  ateady 
slgaiflcast  dscs^a&oe  ta  the  ty*a*ml«tc.ac*  values  of  all  aamples  over  this 
period  of  thaae.  la  tesrtese  osmplo*,  rtaglaig  from  .2  to  1.3  mm  thick - 
nses,  the  rate  o#  d^crea**  la  traaamistaaca  relative  to  the  original 

value  was  4  per  cent  far  weveleaglh  514  tar  ead  2  per  cent  for  wavelength 
731  BiM.  Therefore,  the  data  reported  in  the  following  sections  ara  con¬ 
fined  to  the  first  EQ*a*ayemeit*  (two  to  five  hour*  after  axcisios)  ualese 
otherwise  stated.  The  nominal  haad  width  at  th*  exit  lUt  for  both  wavr- 
leagths  wa*  ^  iru. 

rV.  B,£aU LTS 

A.  Homo^SBeity  of  Spscimeua 


Sy  measuring  the  reflectanc*  of  %  sample  from  both  surfaces, 
it  can  be  determined  whether  or  not  Ih#  cample  la  opticetly  homogeneous 
or  pesudoh'Toi'^ pneoua  as  defined  above.  A-  rnentionod  sbove.  the 


rc;l*  ctancf?  valu«ra  from  the  tTSTi*  jurfaces  of  &  aon-homogenfious  eainple 
xn’i';  not  be  the  same,  whereat)  for  a  homogeneous  or  paeudohomogenoous 
iianxpb*  the  two  values  will  be  iaantical.  For  kofTiogeneous  aamplee 
Bqu  iti'nna  (1)  and  (2)  reduce  to  the  simpler  Equxiicae  (3)  and  (4)  which 
can  be  solved  more  eafcUy.  Also,  the  scatterieg  *®d  absorption  coef¬ 
ficients  cannot  be  deternioed  for  a  non-hosoogeaeous  sample  as  Stenius 
(22)  has  shown. 

Table  2  givee  the  reflectance  values  of  thirteen  skis  samples 
from  two  antm&ls  when  the  light  is  iccldsct  on  the  epidermal  aide  and 
dermal  side  of  the  sample.  A  p  indicate  a  the  difference  batwoaa  tly»  two 
value 6.  The  two  reflectances  for  each  sample  are  average  ralnae  ob¬ 
tained  from  daily  me&suremeats  made  oa  4  to  S  coosecistive  days.  Over 
the  period  of  five  days  the  aver&go  dally  decrease  in  reflaciaace  valuee 
was  lees  than  on«-hsif  per  ceui.  'k  ia  felt  that  this  mctbed  beet  averages 
out  the  variations  due  to  dlffere&cea  in  aasapla  thickaeseee  wban  the 
specimens  ara  inverted  on  the  a^^spls  ring#  aisd  to  small  eariafieas  in 
the  moisture  content  of  the  spscimeise.  The  of  th®  differances 

'  the  somewhat  random  distribution  of  positive  asd  negative  values 
ana  the  absence  of  influence  ol  sample  thickness  on  the  diffaroace 
strongly  suggests  that  escised  skia  of  pigs  in  this  age  raaige  and  d  thick- 
nesses  up  to  about  I.  5  sam  is  optically  limo|aia*o»*  to  light  of  wavs- 
lengths  514  and  731  mtu 
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B.  I>eterminfttion  of  Interftfii  Reflection  Fariorc 


A  iimple  mt^hcd  for  damonsireting  the  effect  of  the  internal 
reflectance  factor  oa  the  measured  Teflectau'^e  values  ie  to  eiimiaate 
one  surface  of  the  sample.  If  r<,|.  is  set  equal  to  sero  in  Equation  {Z), 
the  equation  ia  reduced  to  the  lolio’ariag  form  for  a  homogeneous  eairr.plc: 


(9) 


This  transformation  reduces  the  meaeured  value  of  reflectance.  Th@ 
difference  betureen  p  andp^  decreases  with  increasing  thickneaSc  and  as 
tl-.«  optical  thicVjRe-^i*  a^roachee  infinity,  p^  approacheap  .  Eapsriiaental- 
ly,  the  citaatiea  repESseated  by  lk|aation  {^)  can  be  apprsotinr.ctod  by  placing 
A  black  surface  in  optical  c&att^ct  with  one  surface.  In  these  experiments 
the  black  surface  used  had  a  refloeCaiice  vgluo  of  about  4  per  cent. 


Figure  5  demonstrates  the  differencee  beta^eeQ  P  and  P^  as  a 
funct'  n  of  a  sample  thickmseG  for  the  two  wavelengths  S14  and  731  xnn. 
it  ie  at  that  the  optic&vi  surfacee  can  materially  alter  the  measured 

raflsctaace.  Also  note  that  th*  difference  between  the  two  jneasure- 
ments  decrease  asi  sample  thickness  iacreaeee. 


This;  data  presented  in 
of  a«-r@n  saruplos  -sif  skin  from  one 
the  data  from  four  naisraals. 


Fifura  §  are  based  on  the  measurements 
They  are  representative  of 
curves  were  vieually  fitted 


to  the  psiMs. 


The  «ttrv®»  for  the  traaeaaii^sace  values  for  the  two  wav«i«a^8 
&r@  ba«®d  ^Ihe  mea«urem«aie  ae  described  earlier.,  Table  3  givee  the  trans° 
mittasice  vniues,  correctedtosheoluts  value e,  of  tw«tty- «sno  samili^s  taken 
from  four  pif  s.  Fig^e  S  shows  the  values  oMaiasd  from  irmn.  one 

animaL  ‘^lesAval^ssar^trepresaalalive  for  the  four  animals,  On  a  logar.lth» 
mic  @€ale ,  the  trsasmittasse  values  are  represesite^  by  stral^ii  lines  over 
the  thickness  oltho  sesames.  Thus,  tlste  attenuati^  power  of  the  tissue 
ia  related  to  tMckBfiSS  ol  the  {iatho  tested  range)  through  a  eimpie 

fuiictioB  &i  ifea  form  la  r  »  f  {X\  v^ch  caa  bo  esprt seed  within  the  margin  of  th® 
ei^rimentai  error  by  the  e^^on. 

T  B  roe“®^  (iO) 

where  i#  th®  limit  of  t  as  X  ^Jf^roachee  a®ro,  b  is  the  attenuation  co- 
officient  and  X  ie  th^  thieknees  @1  the  oamplo.  The  constants  for  the 
trsnsmittaaco  curves  were  d^ermined  by  tfee  method  of  least  squares. 

The  values  of  ware  tk«a  used  te  calculate  rj  from  Equation  (7)  with 
an  assumed  value  of  .04  i&7  r^.  I’he  cosstante  and  b  of  Kquation  (10) 
and  the  caiculnted  values  of  T2  are  given  for  four  anim&le  in  Table  4. 
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B.  Detevtiiiaatiott  oi  kteraal  Raflfction  Factors 


A  cimpic  meshed  (or  demonstrating  the  effect  of  the  internal 
reflectance  factor  on  the  measured  reflectance  valuos  ie  to  eliminate 
one  surface  of  tho  temple.  K  r2n  t*  tei  equal  to  zero  in  Equation  (2), 
the  equation  Is  reduced  to  the  folfowisg  form  for  a  homogeneous  sample: 


(Urim-rilR^ 


(91 


This  transformation  reduces  the  mcasursd  value  of  .  iflectanc®.  The 
diffuveuc*  bot’^eesj  p  dscroaeee  "with  increasing  thickness,  fend  as 

the  optical  thickness  ai^roachss  ia^Qnity,  approaches p  .  12sperimental> 

!y,  the  equation  represented  by  Sk^uation  (9)  can  be  approsimatad  by  placing 
a  black  surface  in  optical  contact  with  one  surface.  la  these  experiments 
the  block  surface  used  hod  a  reflectance  value  of  about  4  per  cent. 

Figure  5  demonstrates  the  tSifferencec  betvean  P  snd  P^^,  oe  a 
fm;ctxon  of  a  staple  thickness  for  the  two  Travolea.|{ths  §14  and  lil  mu. 

It  is  vidsnt  that  the  optical  surfaea#  can  materially  alter  the  measured 
reflectance.  Also  note  that  th«  di£f«renca  between  the  two  msasure- 
mente  decrease  as  sample  thickness  incroasee. 


The  diata  pres^ted  in 
of  sevoa  samples  of  skirt  £r<mi 
the  data  from  four  sMmnls. 
to  the  eapsirimantai  points. 


S  are  based  on  the  moaeurements 
animal.  They  are  representative  of 
reflectance  curves  wore  visually  fitted 


Tbs  curves  for  the  transmittance  values  ^  for  the  two  wavelengths 
arebaaedontbeQAeaearemeslansdescribedearlier.  Tal»l« S givesthetraas* 
mittaikce  values,  corvectedtoabeeiute  values,  of  tweatyo- one  samples  taken 
from  p%«.  Figure  S  shows  the  values  ol^afned  from  eamplee  from  one 
animal.  Thoes  values  arerepreeeititative  lor  the  four  animals.  Qte  a  logarilb- 
mic  scale,  the  traaemittaaee  values  are  represenHed  by  straight  liaee  over 
the  thickness  res^oltho  samples.  Ti^s,  tl^  attenuating  power  of  thatieeuo 
is  related  to  the  thiekaaee  of  the  sample  (laths  tested  rang@|  through  a  simple 
function  of  the  form  la  ^  £  (X)  which  can  be  expressed  within  the  margin  of  the 
experimental  error  by  the  euuetloa. 

T  s  ifee**®^  (10) 

where  is  thv<  limit  of  as  X  s^roachos  ssro,  b  ie  the  attenuation  co-> 
eflirient  and  X  is  the  thickasss  the  santple.  The  constants  for  the 
transmittance  curves  were  determined  by  the  method  of  least  squares. 

The  values  of  were  then  used  to  calculate  ti  from  Equation  (7)  with 
an  assmried  value  of  .04  for  r|.  The  constants  and  b  of  Equation  (10) 
and  the  calculated  values  of  r2  are  given  for  four  animals  in  Table  4, 


rv>t.v.a  i:>.A  ru>  r^n  p.  k 


The  accuracy  of  r^  is  influenced  by  the  value  assumed  for  r^. 
it  was  pointed  out  above  that  the  value  for  r ,  may  reasonably  b®  assumed 
to  be  less  than  .  0?.  The  error  caused  by  different  assumad  values  of 
r  j  is  probably  less  than  that  introduced  by  the  uncertainty  in  the  ex.ra- 
pol&ted  value  of  t.  Figure  6  shows  that  the  internal  surface  reflection 
factor  r,  ranges  tTorti  .20  to  .27  for  the  514  trip,  wavelength  and  from 
.  11  to  .18  for  731  m/1  when  the  assumed  esternal  surface  rc*'iection 
factor  Tj  varies  from  .  01  to  .07.  The  average  values  of  for  the  tvm 
wavdlcngths  from  Table  3  were  used  in  the  calculations.  The  dotted  line 
in  Figure  6  shows  the  variation  of  as  a  function  of  ;  for  an  sssumed 
value  of  .  04  for  r  |.  Reference  to  Table  3  shows  that  ^2  ranges  from 
.  19  to  .  34  for  514  mp  and  .  13  to  .  19  for  731  mp.  Values  of  r2 
order  of  .  20  for  514  rr\p  and  .  13  for  731  fs\p  may  be  assumed  to  be  reason¬ 
able  estimates. 

Stenius  (14)  reports  values  between  .  11  and  .  lb  for  visible 
light  for  white  paper  dried  between  a  mirror  and  a  pad  of  blotting  paper. 
Ryde  and  Cooper  (23)  give  T2  value  in  the  same  wavelength  region  for 
opal  glass  ranging  between  .  35  and  .45.  The  values  reported  here  for 
excised  porcine  skin  are  seen  to  lie  between  those  of  paper  with;  a  fibrous 
surface,  and  opal  glass,  having  a  polished  surface. 

V.  DISCUSSION 


Two  basic  conditiooE  for  the  above  equations  are  (1)  the  incident 
light  is  diffuse  and  (2)  tb®  aagulaar  distribulicn  ot  the  light  is  not  changed 
by  Ihe  sample.  S«  be  said  incident  light  does  not  give 

the  afisurance  of  disuse  iatornal  light.  For  example  at  a  plane  interface 
of  two  regicoa  of  dlSfereal  indexes  of  refiractioa,  the  s»aximuBr>:  angle  a 
Ugh^  ray  penetrating  the  ii^erfaca  may  have  ie  that  of  the  critical  angle 
of  internal  reflection,  ©ush  a  au£?£ace  then  teaSe  to  reduce  the  angular 
distribution  of  an  iueidant  beam.  The  presence  of  acattsring  sites  in 
the  second  layer  tea^s  to  increase  the  angular  distribution  ic  that  layer. 
As  the  scattering  power  of  this  layer  Inereaees,  the  angular  distribution 
of  the  light  flux  aj^roaches  that  oi  a  diffuse  beesn.  Socause  of  th«  high 
scattering  power  for  the  waveleagthe  used  in  this  study  and  the  rough 
surface  of  the  skin,  the  error  introduced  by  the  second  condition  ta  at- 
sumsd  to  bs  negligible,  except  for  very  thin  samples. 

The  first  condition  was  realised  only  in  the  transmittance  meftsure  - 
ments.  In  the  reflectance  measurements  a  parallel  beam.  incid<ant  on 
the  sample  surface  at  an  angle  of  15®,  was  used.  The  effect  of  tht*  rnod 
tficatlon  is  considered  slight  on  the  basis  of  the  following  atguinente 
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According  to  McNicholas  (24)  the  reflectance  values  obtained  with  diffuse 
incidence  and  direct  viewing  are  identical  to  those  of  diffuse  viewing  of 
direct  incidence  at  the  same  angle  used  for  viewing  in  the  former  case 
(Helmholta  reciprocity  law)  and  if  the  sample  follows  Lambert's  law  of 
diffuse  reflectance.  Therefore,  it  is  assumed  that  viewing  such  a  sample 
with  an  integrating  sphere  (diffusing  viewing)  and  illuminated  with  nearly 
normal  incident  light  is  eseeatially  the  same  as  normal  viewing  of  diffuse 
incident  light.  The  reflection  of  escieed  human  skin,  when  corrected 
for  external  surface  reflection,  follows  closely  Lambert's  law  in  the 
spectral  range  .  55  to  2.20  Mt  hi  Hardy  (5)  has  shown.  Therefore  it  can 
reasonably  be  assumed  that  these  two  conditions  are  >  .osaly  approximated 
for  the  internal  reflectance,  R.. 

When  a  collimated  beam  of  light  enters  a  turbid  medium  its  identity 
is  lost  to  some  extent  by  scattering  witliin  the  sample.  The  scattering 
results  in  a  change  in  the  average  path  length  of  the  beam  within  the 
sample  as  well  as  a  change  in  the  angular  distribution  of  the  light  reaching 
the  internal  surface#.  As  the  average  path  length  of  the  beam  within  the 
•ample  increases  the  absorption  of  radiant  ensrgy  incroasss.  As  the 
angular  distribution  of  ligM  incideat  on  the  surface  of  emergence  in¬ 
creases.  the  reneetion  ot  light  back  into  the  ean^le  increases.  Ac  - 
cording  to  Judd  (9)  iia  t|te  case  of  a  plane  glass  air  interfacs  of  relative 
index  of  refraction  of  .67.  the  internal  surfaoe  reflection  factor  varies 
from  .  04  for  light  of  aorasiai  iacidence  to  » bO  for  completely  diffused 
incident  light.  Therefore  the  nmaeured  traneiaittance  and  reflectance 
of  turbid  media  can  vary  marhedly  dapanding  v^on  the  angular  dietri- 
button  ox  the  incident  As  3:9  SC^Scis*  wf  a  sample  increases, 

siiher  through  incraaead  tbickaeae  er  an  inereaee  of  the  scattering  cool- 
flcieat,  the  angular  dietrlhutiae  af  Ught  withia  a  sainple  illineiaaied  with 
a  coUimated  beam,  approccbee  tfiat  ei  diffuse  light.  Coaeo^uoatly,  to 
avoid  an  apfareat  chak^  ia  the  i^idamaetal  ecetterii^  end  absorption 
coefficients  as  a  fuaetloE:  of  iMckaoee  el  the  sample  either  diffuee  Ulumi- 
ttatioa  is  rtifaired  or  ^rth  a  ealllesated  beam  the  eamplee  thicknesses 
must  be  restricted  to  thick  samples.  Hardy  (5)  reported  that 

for  thicknesees  ol  «facim4  humaa  tkio  ae  great  as  a  mm  ecattering  was 
msKimal  for  all  wavelengths  la  the  rasge  from  .  55  to  2. 20 

VI.  SilMMAmY 


Heglecting  the  effect  ei  surface  rcfleetxone  can  Intreducs  &  significant 
error  in  the  measured  internal  tranemlttcncs  and  reClectancs  valuo*  as 
shown  here  for  escleed  p%  skin  at  the  wavelengths  514  and  731m*.  The 
magnitude  of  the  error  depends  upon  the  thtekaass,  indea  or  refraction, 
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a.ad  the  ecattering  and  absorption  coefficients  of  the  sample,  also  upon 
the  geometrical  design  of  the  measuring  instrument.  Methods  for  cor¬ 
recting  or  minimising  the  affect  of  surface  reflections  are  given. 

The  bloodlees  akin  of  the  Cheater  White  pig,  20  to  30  pounds,  is 
for  practiced  purposes  optically  homogeneous  at  the  wavelengths  514  and 
731  mu. 

VIL  RECOhfMENDATlOWS 

It  is  recommended  that  these  studlet)  be  continued  to  cover  the  wave 
length  region  of  interest  in  the  thermal  burn  problem,  namely  ultraviolet, 
visible  and  rear  infrared. 
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Fig.  2.  Error  in  cn«Aeur«d  Intarafel  tra.a«mittance  dua  to  turface 
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Fig,  4  Diagram  of  »afrtplc  Holier  'pr  reflecta'ce  n'r a s Jr e;ne ot »  {>0- 
Sition^d  ;o  fro..;  of  eajnpl*  «pcr -‘.-.ire  of  ir.rgraling  sphere. 


